Abstract Background/purpose: Inadequacy to locate the second mesiobuccal canal (MB2) canal leads to the highest probability of endodontic failure in permanent maxillary first molars (PMFMs) and still remains a constant challenge for many clinicians. The aim of this study was to characterize the geometrical features between MB2 and other orifices of examined PMFMs using cone-beam computed tomography images. Materials and methods: A total of 108 teeth qualified in the cone-beam computed tomography image archives were enrolled in the present study. The intersecting point (T) was determined as the perpendicular line (h, altitude of triangle) projected from the vertex of the MB2 canal orifice to mesiobuccal canal orifice-palatal canal orifice line (MB1-P). We measured the geometric features of PMFMs with the MB2 canal, including the interorifice distances, area, altitude, and the ratio between the canal orifices. Results: The average interorifice distance was found to be 1.91 AE 0.59 mm for MB1-MB2, 5.73 AE 0.66 mm for MB1-P, and 4.11 AE 0.79 mm for MB2-P, with significant gender difference for MB1-MB2 distance. For the MB1-T distance, a significant difference was found between genders (P Z 0.02), with males averaging 1.78 AE 0.07 mm, and females 1.48 AE 0.11 mm. For the MB1-P distance, the majorities of both genders were found in the 20e40% cut-off. A portion of the males exhibited a tendency towards the 40e80% cut-off, while females shifted in the reverse direction towards the 0e20% cut-off.
One of the most common causes of endodontic treatment failure is inadequate diagnosis and treatment planning of the treated tooth, including lack of comprehensive knowledge about the morphological characteristics and their frequent variations of the entire root canal system. 1 Therefore, a prerequisite for successful root canal treatment depends on a clinician's ability to locate, clean, shape, and fill the entire canal system in all dimensions. 1 Studies focused on the form, configuration, and number of root canals of maxillary molar teeth have been discussed for decades. 2e6 The permanent maxillary first molars (PMFMs) are teeth that present substantial heterogeneity abnormalities in the root canal system. 2, 4, 6, 7 Among these reported abnormalities, the presence of unexpected canals, such as a second mesiobuccal canal (MB2), has drawn much attention in clinical settings and in laboratory investigations. 2,4,6e9 Inadequate treatment of MB2 canal leads to the highest probability of endodontic failure in PMFMs and still remains a constant challenge for many clinicians. 2,4,6,8e10 The potential applications of cone-beam computed tomography (CBCT) has gained increasing significance for diagnosis, treatment, and follow-up in the field of endodontics. 11, 12 CBCT has the capacity to eliminate superimposition of surrounding structures and generate undistorted three-dimensional images of intricate structures such as teeth and their surrounding tissue from the axial, sagittal, and coronal sections. 11, 12 Thus, CBCT has been extensively employed recently to study root and canal morphologic variations in different populations. 5,10,13e21 Several studies have used CBCT to investigate the prevalence and morphology of the MB2 canal of PMFMs in various ethnicities. 5,10,13e21 However, to our knowledge, limited study has been undertaken to evaluate the geometrical location of the MB2 canal at the orifice level, 8, 9, 22 and the relationship between the orifices of mesiobuccal canals (MB1 and MB2), and the palatal canal (P) in PMFMs have yet to be examined in depth.
Considering the lack of detailed information on this topic, the purpose of this study was to characterize the geometrical location and relationships between the MB2 canal and other orifices of examined PMFMs via CBCT images.
Materials and methods

Image acquisition and retrieved
All CBCT images selected in this study were retrieved from Digital Imaging and Communications in Medicine (DICOM) archives possessed by the Department of Dentistry, TriService General Hospital, Taipei, Taiwan. The project and protocol were independently approved by the Institutional Review Board of Tri-Service General Hospital, National Defense Medical Center (TSGHIRB Number 2-105-05-078). CBCT images were taken as part of the dental diagnostic, examination, and/or treatment records from January 2012 to December 2016. Notably, no patients were contacted and no CBCTs were specifically taken for the objectiveness of this project.
Without sacrificing image quality and following the "as low as reasonably achievable" principle, the images were acquired by board-certified radiologists operating a CBCT machine (NewTom 5G; QR, Verona, Italy) with the X-ray tube at an accelerated potential of 110 kV peak, a beam current of 11.94 mA with an automatic adjustment to exposure time according to the area of the scan (about 7 seconds for a full arch). 23 The field of view was fixed at 30.5 cm 2 Â 20.3 cm 2 with the resolution and separation of each slice at 0.15 mm. The CBCT scans were saved in DICOM format and this data was encrypted to protect confidentiality.
Inclusion and exclusion criteria of selected images
The inclusion and exclusion criteria were adapted from previous studies with some modification: 5, 9 (1) each individual has at least one fully erupted permanent maxillary first and second molar; (2) each investigated tooth has normal position and alignment; and (3) each investigated tooth has the apex fully formed. Images were excluded if they contained: (1) previous root canal fillings, posts, or fixed prosthesis restoration; (2) unclear or incomplete image due to scattering, or beam-hardening artifacts; (3) pathological lesions, calcification or evident root resorption attached with analyzed tooth; or (4) evidence of previous radiectomy or periapical surgery.
Morphologic analysis
Of the 380 initially examined CBCT images, 255 qualified images of PMFMs were analyzed in detail using ImplantMax software (HiAim Biomedical Technology, Taipei, Taiwan). All qualified images were reoriented so that the maxilla was bilaterally symmetrical and the occlusal plane, either in frontal or sagittal view, was parallel to the ground ( Figure 1A ). The long axis of the investigated molar (indicated as a green line) was adjusted to be perpendicular to the ground floor. Afterwards, two horizontal lines were drawn with line A parallel to the inferior border of the cementoenamel junction, and line B to indicate the pulp chamber floor ( Figure 1B) . 9 An image of chamber floor was arbitrarily designated as the first 2D slice on which all orifices were present ( Figure 1C ) and a series of images were evaluated at the level of the root canal orifice by axial sections. The horizontal distance between the center of identified orifices was measured on the orifice level (after identifying the MB2 canal; Figure 1C ).
Geometric measurements
For the interorifice distances (IODs), straight lines were projected in PMFMs with the MB2 canal, joining different points: MB1 to MB2, MB1-MB2 line (a); MB1 to P, MB1-P line (b, base of triangle); MB2 to P, MB2-P line (c; Figure 1D ).
To calculate the area of the surface bounded by the central points of each orifice, the area of the triangle can be calculated using Heron's formula:
area of triangle ðAÞZ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi sðs À aÞðs À bÞðs À cÞ p where a, b, and c are the lengths of the three sides of the triangle and s is the semiperimeter of the triangle defined by
To determine the geometric location of the MB2 canal in relation to the MB1 canal and the P canal at the orifice level, a fourth line (MB2-T) was drawn from the vertex where the MB2 canal orifice is perpendicular to the MB1-P line. Following a previously described protocol, 8, 9 ,24 the intersecting point was determined as point T, and the perpendicular line, MB2-T line, is the altitude (h) of the triangle. The distance between the intersecting point T to MB1 (e) was also determined ( Figure 1D ). The distances of the lines drawn between the orifices and points were measured in millimeters.
The following information was evaluated for PMFMs with MB2 canal:
(1) the distances (a, b, c) and perimeter (s) between the MB1, P, and MB2 root canal orifices; (2) the area of triangle (A) formed by the MB1, P, and MB2 root canal orifices; (3) measurements of the triangle's h and h to b ratio (h/b ratio); where 100% denotes close proximity to the P canal; and (4) the distance of MB1-T (e), and the MB1-T (e) to b ratio (e/b ratio).
Data acquisition and validation
All images were displayed on a 19-inch LCD monitor (ChiMei, Innolux Corporation, Tainan, Taiwan) with a 1920 Â 1080 pixel resolution. All reoriented images were inspected in a dimly lit environment by two calibrated examiners (C.-C. Su, and Y.-C. Wu). After calibration, the two examiners separately evaluated the images, and any disagreement in the interpretation of images was discussed until a consensus was reached. To assure data reliability, the intraexaminer and interexaminer calibration were performed for nominal and continuous variables to assess data reliability based on the anatomic diagnosis of CBCT images by evaluation of 20 randomly selected images. The intraexaminer and interexaminer analysis was performed before the disagreements among examiners were discussed and resolved. 25 The kappa statistic values were 0.967 and 0.958 for intraobserver and interobserver agreement, respectively. The measurement errors, intraclass correlation coefficient, and Cronbach a values were also performed to check the reliability of intraobservations and interobservations for continuous variables measurement.
Statistical analysis
Descriptive statistics were expressed as mean values and standard deviations (mean AE standard deviation), frequencies, or percentages, as appropriate to each measurement calculated. To compare the mean values of continuous variables (i.e., distances), a one-way analysis of variance test and a Fisher exact test were performed to examine differences in the variables. All statistical analysis was performed using a statistical package SPSS for Windows (Version 22.0; SPSS, Inc., Chicago, IL, USA). The level of statistical significance was set at P < 0.05.
Results
Of the total 108 teeth surveyed, 80 were from males (74.1%) and 28 were from females (25.9%). In this batch, 57 were from the right side (52.8%) and 51 from the left side (47.2%). The average IODs were found to be 1.91 AE 0.59 mm for MB1-MB2 (a), 5.73 AE 0.66 mm for MB1-P (b), and 4.11 AE 0.79 mm for MB2-P (c) (Figure 2A ). The average IODs in males were 1.98 AE 0.60 mm, 5.80 AE 0.64 mm, and 4.11 AE 0.77 mm for MB1-MB2 (a), MB1-P (b), and MB2-P (c), respectively ( Figure 2B ). For females, the average IODs were 1.71 AE 0.54 mm, 5.52 AE 0.69 mm, and 4.13 AE 0.85 mm for MB1-MB2 (a), MB1-P (b), and MB2-P (c), respectively ( Figure 2C ). No significant differences were found between males and females ( Figure 2B ) and right or left side ( Figure 2C ), except for the MB1-MB2 (a) distance between males and females (P < 0.05, Figure 2B ).
The average area of the triangle (A, in mm 2 ) was found to be 2.28 AE 0.13 mm 2 in males, 2.21 AE 0.20 mm 2 in females, with no significant differences (P Z 0.78, Figure 3A) . The average area of the triangle (A, in mm 2 ) for the right side was 2.19 AE 0.14 mm 2 while the left side was 2.35 AE 0.16 mm 2 , with no significant differences (P Z 0.46, Figure 3B ). For the h of the triangle (in mm), no significant differences were found between gender (P Z 0.83, Figure 3C ) or side (P Z 0.44, Figure 3D ). For the MB2-T/MB1-P (h/b) ratio, no significant differences were found between gender (P Z 0.39, Figure 3E ) or side (P Z 0.41, Figure 3F ). Regarding the percentile cut-off of the h/b ratio (Table 1) , there were also no significant differences found between gender (P Z 0.32) or side (P Z 0.38, Table 1 ).
For the MB1-T distance (e, in mm), the average MB1-T distance was 1.70 AE 0.61 mm. A significant difference was found between genders (P Z 0.02), with males averaging 1.78 AE 0.07 mm, longer on average than females at 1.48 AE 0.11 mm ( Figure 4A) . A significant gender difference was found (P Z 0.03) in the percentile cut-off, with the majority of both genders found in the 20e40% cut-off (Table 2) . A portion of males The level of statistical significance was set at P < 0.05. MB2 Z second mesiobuccal canal.
exhibited prevalence towards 40e80% cutoff, with 17.5% and 1.3% found in the 40e60% and 60e80% cut-offs, respectively (Table 2) . On the contrary, almost a third of females shifted in the reverse direction, towards the 0e20% cut-off (32.1%). These results suggest that MB2 orifices appear with greater frequency towards P orifices in males than females. Additionally, left orifices also had a tendency towards P canals, but with no significant differences (P Z 0.75, Table 2 ). No significant differences were found between gender (P Z 0.11) or site (P Z 0.87, Figure 4B ) for MB1-T/MB1-P (e/b) ratio.
Discussion
To the best of our knowledge, this is the first study to provide a detailed description of the geometric relationships between the orifices of mesiobuccal canals (MB1 and MB2), and the P canal in PMFMs. The present study shows significant gender differences in the location of the MB2 canal orifice in PMFMs through analyzing CBCT images. Moreover, the results revealed a higher frequency of PMFMS MB2 canal orifice to appear in close proximity of the P canal orifice in males over females. These findings also highlight CBCT as a highly useful tool in aiding clinicians towards locating the orifice of MB2 canals in PMFM, through noninvasive exploration and identification of canal orifices in the intricate root canal anatomy of maxillary molar teeth. Our results provide clinical value in identifying the location of MB2 canals. Although periapical radiography is most commonly used in clinics, various noninvasive imaging technologies such as CBCT have been introduced to investigate root and canal details. The fidelity of CBCT imaging and measurements is shown to be highly accurate, and comparable with staining and clearing techniques used to study extracted teeth The level of statistical significance was set at P < 0.05. * P < 0.05. MB1 Z first mesiobuccal canal; MB2 Z second mesiobuccal canal.
in vitro. 3, 4, 7, 11, 12, 26 Currently, increasing numbers of studies have extensively employed CBCT imaging to detect the presence of the MB2 canal in PMFMs.
8e10 Although limiting factors, such as the presence of metallic posts or root canal fillings (i.e., gutta-percha, AH 26 sealer), can interfere with the image quality of CBCT, these images can still provide highly precise three-dimensional information regarding the morphological characteristics of a complex root and root canal system. In determining a MB2 canal of maxillary molars in three dimensions, CBCT images have demonstrated superior accuracy to conventional periapical films. 7, 10, 21, 26 Other advanced diagnostic modalities such as dental loupes, 27 and dental microscopes, 28, 29 have also been applied as noninvasive approaches in assessing the presence of an MB2 canal of maxillary molars. However, these microsurgical devices alone are insufficient at locating the MB2 canal in every case. 30 A recent prospective clinical study demonstrated that the use of the dental operating microscope in conjunction with selective troughing and CBCT imaging allowed clinicians to locate only 90% (maxillary first molars) of MB2 canals, suggesting the effectiveness of CBCT to be limited. 10 These findings promote the importance of utilizing multiple diagnostic tools when attempting to locate the MB2 canal. Clinicians should familiarize themselves with magnification equipment and new diagnostic imaging technology, such as CBCT scanning, to provide themselves with detailed information of anatomic variations for endodontic treatment.
To better determine the optimal access pathway to canal orifices in clinical practice, we measured the distances between each orifice in PMFMs (Figure 2A ). Several studies have indicated PMFMs with MB2 canal as one of the most complicated to negotiate during root canal treatment. 10, 31, 32 Inability to recognize, locate, and treat MB2 canals adequately in maxillary molars may result in the persistence of intracanal microorganisms colonization, which leads to long term treatment failure. 10, 31, 32 Although the prevalence and factors affecting the negotiability of the MB2 in PMFMs have been discussed for decades, 22,24,29,33e35 there is little research about the geometric location of the MB2 canal in PMFMs. The geometric location of the MB2 canal has only been reported using in vitro studies, 22,24,34e36 however, limited results revealed the efficiency of CBCT on MB2 canal location maxillary molars in vivo. 8, 9 Our study intends to expand the knowledge of the geometric relationship between the MB2 canal and other orifices of PMFMs at the orifice level. In this study, we observed that the MB2 canal was located 1.70 AE 0.61 mm palatally and 1.91 AE 0.59 mm mesially to the MB1 canal in the PMFMs (Figure 2A ). Additionally, a significant gender difference was found in MB1-MB2 (a) distance (P < 0.05, Figure 2B ). Using the same technique, Betancourt et al 8 found it to be 1.25 AE 0.34 mm palatally and 2.69 AE 0.49 mm mesially to the MB1 canal. Gorduysus et al 24 determined the location of the MB2 canal in 45 extracted maxillary molars and found these measurements, 1.65 AE 0.72 mm palatally and 1.81 AE 0.38 mm mesially to the MB1 canal, in a combined study of first and second molars. In summary, the MB2 orifice always appears in a mesial and P direction in reference to the MB1 orifice.
In this study, males have a significantly longer MB1-T (e) distance than females (1.78 AE 0.07 mm vs. 1.48 AE 0.11 mm, Figure 4A) ; however, the distance may also be influenced by external crown size and morphology. Therefore, the MB1-T/MB1-P (e/b) ratio was established to determine the geometric location of the MB2 canal on orifice level properly. Through direct inspection, an MB2 canal orifice located close to the MB orifice in the buccolingual direction, and slightly mesial to the line between the MB and P canal orifices, is the most frequently observed morphology in clinical practice. 37 Our study is the first to determine the percentile cut-off between MB1-T/MB1-P (e/b) ratio, observing males to have a disposition of MB2 canals closer to the P canal orifice compared with females ( Table 2) . These results remarked that the location of the MB2 canal varied not only in relation to the main mesiobuccal canal, but also another reference point, the P canal orifice.
Our data provides the geometric location of the MB2 canal at the orifice level, which may indicate that the enlargement of the access preparation or modification of access shape for molars with an MB2 canal is necessary. From a clinical point of view, these findings are relevant to the design of cavity access; a tooth with an MB2 canal would require a more rhomboidal access preparation as opposed to the classic triangular shape. 37 Consequently, a modified access preparation would allow for easier positioning of instruments and filling materials. Further studies should be conducted to investigate the exact anatomic coordination between each orifice and its impact on access preparation and external crown morphology.
In conclusion, the clinical significance of the results presents critical information on the geometric features of PMFMs with an MB2 canal at the orifice level via CBCT images. In clinical scenarios, the anatomical characteristics of these root canal systems could be beneficial in locating the MB2 canal, influencing the design of cavity access and the effectiveness of endodontic debridement.
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